Abstract: Decidual macrophages (DM) are the second most abundant population in the fetal-maternal interface. Their role has been so far identified as being local immuno-modulators favoring the maternal tolerance to the fetus. Herein we investigated tissue samples from 11 cases of spontaneous miscarriages and from 9 cases of elective terminations of pregnancy.
Introduction
The effectiveness of human reproduction is rather limited. About 70% of the spontaneous conceptions will be lost during the first trimester. Most of them (85%) are lost in a pre-clinical phase, prior to any clinical verification of pregnancy; the rest are expected to be lost at a later clinical stage during the first trimester [1] . Several causes have been attributed to miscarriages. Chromosomal abnormalities, although not often verified, are considered a common cause. Other reported causes are intra-uterine infections, endocrinological/immunological disorders, anatomical problems of the uterus and pharmaceutical/chemical effects on embryo implantation and development [2] .
The most important site in early pregnancy maintenance is the fetal-maternal interface. Both the embryonic and the maternal parts are in constant molecular crosstalk, a complex process that involves apart from trophoblast and decidua-several cell types mainly of immunological origin. The aim of this process is a closely regulated trophoblast invasion with a concurrent maternal immune tolerance to the semi-allogenic fetus [3] . Several immune cells have been reported as participants in the fetal-maternal interface. Among these, the most-studied are T and uterine Natural killer (NK) cells; several reports have already demonstrated these cell types as crucial in embryo implantation and early development [4, 5] . Decidual macrophages (DM) are the second more abundant population in the maternal-fetal interface [6] . They produce a plethora of cytokines mainly as part of their primary role as antigen presenting cells (APC). In early pregnancy they are described as potential regulators of the T-cell activation/activity, especially when the latter is considered harmful for the ongoing pregnancy [7] . However, their actual role in early pregnancy has not been entirely clarified yet.
The maternal fetal tolerance has been attributed among others to the Fas/Fas ligand (FasL) system [3] . FasL is a transmembrane protein that by binding to Fas receptor, triggers apoptosis to the Fas-expressing cells [8] . In that view, trophoblast and decidual FasL-expressing cells induce apoptosis to the Fas-bearing activated T-cells of the maternal-fetal interface, thus minimizing the risk of embryo rejection during implantation and early development [9] . Recently, T-cells have been also reported to express FasL in abortive material, and induce apoptosis to Fas expressing trophoblast cells in vitro [10] .
With the aim of further clarifying the role of macrophages during early development, we have investigated the macrophage population in cases of spontaneous miscarriages abortion and elective terminations of pregnancy. Knowing already that (a) FasL is important both during implantation and miscarriages; and (b) that DM express FasL [11] , we further checked whether macrophage FasL expression was deregulated in case of spontaneous abortions.
Materials and Methods

Tissue Samples
This study was approved by the Ethical Committee of the Medical School, Ludwig-MaximilianUniversity of Munich. Informed consent was obtained from each patient.
Samples from elective terminations of pregnancy (ETP, 9 cases) were provided from private practice clinics in Munich, Germany. Maternal and gestational age-matched tissues samples from spontaneous miscarriages (SM, 11 cases) were additionally collected from the archives of the Department of Obstetrics and Gynaecology, Innenstadt, Munich, Germany. The mean age of women in case of spontaneous abortions was 35.5 ± 1.9 years and in elective terminations of pregnancy 35.4 ± 2.2 years (p > 0.05). The mean gestational age for the group of the SM was 69.45 ± 2.54 days and for the group of the ETP was 61.66 ± 6.04 days (p > 0.05). Samples were obtained by dilatation and evacuation without any prior pharmaceutical induction. In cases of spontaneous abortion, evacuation was performed within the first 24 h after diagnosis.
All women included in the study had a null medical and family history. History taking was systematic, aiming to exclude-apart from common disorders-possible implication of clotting disorders and autoimmune diseases, already known as aggravating factors for increased risk for miscarriages. In all samples caryotypic analysis excluded chromosomal abnormalities. Additionally, in all samples microbiology analysis excluded possible intra-uterine infection. All women had a normal first trimester vaginal swab.
Following evacuation, specimens from both ETP and SM were immediately immersed in formalin and embedded in paraffin or snap frozen and sectioned with a cryostat.
Immunohistochemistry
Formalin-fixed paraffin-embedded sections (3 µm) were deparaffinized in xylol, rehydrated in a descending ethanol gradient and subjected to epitope retrieval in a pressure cooker using sodium citrate buffer (pH 6.0). After returning to room temperature, sections were blocked with 3% H 2 O 2 in methanol (20 min) for endogenous peroxidase activity. Non-specific binding of the primary antibodies was blocked by using the appropriate blocking solution. Incubation with the primary antibodies followed. Salient features of the antibodies used are presented in Table 1 . Reactivity was detected by using the Vectastain Elite ABC-Kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's protocol. Substrate and chromogen (3,3'-diaminobenzidine DAB; Dako, Glostrup, Denmark) were finally added to the slides, which were then counterstained with Mayer's acidic hematoxylin and covered. Replacement of the primary antibody with mouse or rabbit IgG served as negative control. Apoptotic cells (M30 positive cells) were quantified as the percentage of positive cells over the total number of cells counted per field. For a cell to be counted, it was imperative for the nucleus to be distinguished. Accordingly, macrophages (CD68 positive cells) were quantified as the percentage of positive cells over the total number of cells counted per field (400×). All cases were evaluated and scored by two observers. Evaluation was performed by examining three random fields per case/slide. Both observers were blinded regarding the groups of the study.
TUNEL Assay
After completing the M30 immunostaining, frozen sections from three cases per group were assessed for apoptosis by applying the TUNEL assay (Roche, Germany) according to the manufacturer's protocol. Apoptotic cells were quantified as the percentage of the TUNEL positive nuclei over the total number of nuclei recognized in the field. Three fields were assessed per case/slide.
Double Immunofluorescence
A. FasL/CD68. Frozen sections were thawed, fixed in acetone for 5 min at room temperature and rehydrated in PBS. After blocking for 15min with blocking solution (Ultra V Block, Lab Vision, Fremont, CA, USA), the sections were incubated with rabbit-Anti-Fas-L (Q20 Santa Cruz Biotechnologies, Santa Cruz, CA, USA) 1:100 overnight at 4 °C and washed with PBS; incubation at room temperature with goat-anti-rabbit Cy-3 (Jackson Dianova, Hamburg, DE) diluted 1:500 for 30 min followed. After washing with PBS, the slides were incubated at room temperature with mouse-anti-CD68 (clone EBM 11, Dako, Hamburg, Germany) diluted 1:100 for 1 h. Incubation with the goat-anti-mouse Cy-2 secondary antibody (Jackson Dianova, Hamburg, Germany) diluted 1:100 for 30 min at room temperature, followed. B. HLA-G/M30. Thawing, fixation, rehydration and blocking were done as described above. The slides were then incubated with the biotinylated mouse-Anti-M30 (CytoDeath, clone M30, Enzo Life Sciences, Lörrach, DE, Germany) diluted 1:100 overnight at 4 °C, succeeded by the incubation at room temperature with streptavidin Cy-5 (Jackson Dianova, Hamburg, DE, Germany) diluted 1:400 for 30 min. Finally the slides were incubated with the FITC conjugated mouse-Anti-HLA-G (clone MEM G/9, Serotec, Oxford, UK) diluted 1:50, overnight at 4 °C.
All antibodies were diluted in dilution medium (Dako, Hamburg, Germany) to minimize background staining. The slides were finally embedded in mounting buffer containing 4,6-diamino-2-phenylindole (DAPI, Vectastain, Vector Laboratories, Burlingame, CA, USA) and examined with a Zeiss Axiophot photomicroscope (Jena, Germany). Pictures were taken with a digital camera (Axiocam MRm, Zeiss, Jena, Germany). The number of FasL-expressing macrophages was expressed as a percentage of the FasL(+)/CD68(+) cells over the total number of CD68(+) cells counted in each slide. For better discrimination between the DAPI blue staining and the Cy-5 blue staining, in the HLA-G/M30 double immunofluorescence staining, nuclei were set as white.
Statistical Analysis
Differences between groups were assessed with the Mann-Whitney test. Correlations were assessed by Spearman test. All observations with p < 0.05 were considered significant.
Results
Apoptosis Is Increased in Spontaneous Abortions Compared to Normal Pregnancies
In order to verify the previously reported induction of apoptosis in spontaneous miscarriages, decidual samples from 11 miscarriage cases and from nine cases of elective pregnancy termination were assessed by immunohistochemistry. The apoptosis marker used in the current study was the well-accepted anti-M30 antibody reactivity. It was found that apoptosis was significantly more abundant in spontaneous abortion tissue compared to normal pregnancies (mean percentage 48.18 ± 4.63% vs. 18.88 ± 5.32% respectively, p = 0.003) (Figure 1 ). The TUNEL assay verified these results (mean percentage 67.22 ± 11.40% vs. 13.48 ± 5.90% respectively, p = 0.049) (Figure 1 ). Having proved that anti-M30 and TUNEL yield equivalent results, it was decided for the next experiment to be performed using the anti-M30 as apoptotic marker. To clarify further the apoptotic scheme on trophoblasts dual immunofluorescence against HLA-G-an extravillous trophoblast cell-specific marker-and anti-M30 was performed. The apoptotic extravillous trophoblast cells were quantified as the percentage of M30(+)/HLA-G(+) cells over the total number of HLA-G(+) cells. It was revealed that there were significantly more apoptotic extravillous trophoblast cells in spontaneous abortions compared to normal pregnancy (71.81 ± 11.02% vs. 10.00 ± 2.9% respectively, p = 0.001) (Figure 2 ).
Macrophage Population and Distribution Are Significantly Altered in Spontaneous Miscarriages
Aiming to investigate the existence pattern of the macrophages in SM, both tissue samples from SM and ETP were immuno-stained against the macrophage marker CD68. It was found that macrophage population is significantly increased in spontaneous abortions compared to normal pregnancies (mean percentage 51.36 ± 6.46% vs. 27.77 ± 5.95% respectively, p = 0.021). Additionally macrophages seemed to infiltrate the decidua in spontaneous abortions, while, in normal pregnancy samples, macrophages were located in the periphery of the trophoblast cells ( Figure 3A) . The percentage of macrophages per field seems to correlate significantly with the gestational age in the ETP group (Spearman R = 0.75, p = 0.01). On the contrary in the SM group this correlation is not significant (Spearman R = −0.21, p = 0.53). Despite this significant correlation in the ETP group, the finding about the significant difference in size of the DM population between SM and ETP is still strong. Even though in normal pregnancy the macrophage population seems to increase as gestational age progresses, it does not reach the corresponding population size of the spontaneous miscarriage group; in fact it could be hypothesized that in smaller gestational ages the current difference could be even more significant. A larger sample is needed though to highlight such differences. Immunohistochemistry against CD68 (a macrophage marker) reveals that in normal pregnancy macrophages are present near the trophoblast. In case of spontaneous abortions the number of macrophages is increased; additionally it seems that they are significantly infiltrating the trophoblast. (B) Dual immunofluorescence against CD69 and FasL revealed that the latter's expression is significantly increased in macrophages involved in spontaneous miscarriages.
Macrophages Significantly Over-Express Fas ligand (FasL) in Spontaneous Miscarriages
Since FasL has already been reported to be involved in SM pathophysiology, it was decided to assess macrophages regarding their possible FasL expression. In that view, both tissue samples from SM and ETP were immuno-stained with double immunofluorescence against CD68 and FasL. FasL-expressing macrophages were quantified as the percentage of FasL(+)/CD68(+) cells over the total number of CD68(+) cells. It was found that in spontaneous abortions the percentage of FasL(+)/CD68(+) cells is significantly higher compared to the corresponding percentage in normal pregnancies (72.72 ± 8.21% vs. 45 ± 9.44% respectively, p = 0.035) ( Figure 3B ).
Discussion
Decidual macrophages (DM) are the second more abundant population identified in the fetal maternal interface [6] . Although less studied during implantation and early pregnancy compared to other immune cells, several actions have been attributed to them. Firstly, they act in an immunosuppressive way regarding a possible maternal immune reaction to the semiallogenic embryo. It has been shown that DM but not peripheral monocytes can inhibit T-cell responses most possibly via prostaglandin E 2 production [12, 13] . Furthermore, DM produce a significant amount of interleukin-10 (IL-10), the latter being recognized as an anti-inflammatory mediator [14] . Simultaneously, DM produce tryptophan metabolites that can effectively suppress T-cell proliferation [15] [16] [17] . These actions support a role for DM in contributing to maternal fetal tolerance. It has been shown that DM can produce a wide range of cytokines locally supporting both a pro-and an anti-inflammatory molecular scheme. In analogy to the so described T-cell microenvironment Th1/Th2/T17 polarization [18] macrophages are expected to be polarized as well, recognized as M1 and M2 respectively [19, 20] . Thus, the M1 phenotype is related to inflammation as macrophages secrete TNFa and IL-12 [21] . However, M2 phenotype-being anti-inflammatory-is characterized by increased IL-1 receptor antagonist and decreased IL-12 production [7] . Additionally, M2 macrophages express the macrophage mannose receptor (MMR) that mediates host defense and removal of substances produced during inflammatory processes [22, 23] . Taking all the above together, it can be easily speculated that an M2 phenotype can be anticipated during normally developing pregnancy. Alternatively, the M1 phenotype could be a part of mechanism leading finally to pregnancy failure. However, it is now accepted that even this approach is rather simplified. Macrophages have been reported presenting dynamic plasticity; their response to external stimuli can vary, ranging from M1 to M2 phenotypes [24] . Thus, it can be anticipated that instead from acting exclusively as of the M1 or M2 phenotypes, macrophage subpopulations can act differently in a particular site and clinical condition. This justifies the fact that despite all the above mentioned functions of DM, their role has not been entirely clarified.
Few reports exist on macrophages regarding population size differences in miscarriages. Vassiliadou and Bulmer had reported an increase was found in macrophage population in case of SM [25] ; although the authors considered it as non significant, it is commendable that this increase marginally did not reach significance (p = 0.06) [25] . At the same time Quack et al., have demonstrated that macrophage populations do not differ in size among samples from ETP and samples from recurrent abortions (with male or female embryo) [26] . Herein, we have shown that during spontaneous miscarriages the DM population increases significantly. This deregulation may possibly support an inflammatory scheme further triggering abortive procedures. Although initially could be considered as contradictory, our results are in partial agreement with the first report since a marginally non-significant increase was noted then [25] . The second report had focused on recurrent miscarriages [26] , a pathophysiological entity that is considered rather different than that of spontaneous miscarriages. Of course spontaneous and recurrent miscarriages are expected to share a percentage of pathophysiological mechanisms; nonetheless recurrent miscarriages are considered a rather complicated event involving potentially unknown pathways as well. In that view, a different role for macrophages could be implemented. Taking into consideration at the same time the plasticity by which macrophages could act, both our findings in SM and the previous findings on recurrent miscarriages could hold. Moreover, despite the fact that the previous studies have used bigger samples than the ones used herein, all samples are of comparable size. Vassiliadou and Bulmer had enrolled 20 SM and 21 ETP cases for macrophage evaluation [25] , while Quack et al., had enrolled 38 recurrent miscarriages and 20 ETP cases [26] . Larger series are to clarify definitely whether macrophage population increases in SM.
Additionally, we have highlighted the existence of FasL in DM both during pregnancy and spontaneous miscarriages. Previously, FasL had been reported as being expressed by monocyte-derived macrophages and that HIV infection could up-regulate FasL intracellular content [27] . Furthermore, macrophages could induce FasL-mediated apoptosis in a mouse model of pulmonary silicosis [28] . In line with these results it was shown that macrophages could induce FasL-mediated apoptosis in Schwann cells, thus leading to chronic demyelinated neuropathy [29] . Our results are in accordance with a previous study demonstrating that DM express FasL [11] . More interestingly, it has been shown herein for the first time that FasL expression in DM is increased during spontaneous miscarriages.
Based on the current findings it can be hypothesized that baseline FasL expression by DM is a part of an M2-like polarization. FasL-expressing DM could induce apoptosis to Fas-bearing activated T-cells reducing potentially harmful immune responses against the semi-allogenic embryo. This hypothesis, if proven correct, could reveal a complementary mechanism of immune tolerance since it has already been shown that decidua and trophoblast cells induce T-cell apoptosis via the Fas/FasL system [9] .
The role of FasL-expressing DM in spontaneous miscarriages seems though to be more complicated. Recently, it was shown by our group that, in spontaneous miscarriages, T-cells express FasL achieving a Fas-mediated trophoblast cell apoptosis in vitro [10] . This effect was further investigated and was finally attributed to elevated concentrations of the stress-related peptides CRH and Urocortin [10] . In line to our previous findings, FasL-expressing DM could also mediate trophoblast apoptosis highlighting an alternative way of inducing apoptosis in spontaneous miscarriages. Interestingly, peripheral blood mononuclear cells were reported to express CRH receptor 1 [30] . It could be thus speculated in analogy to our previous findings on T-cells, that macrophages over-express FasL as a result of increased CRH concentration. Further in vivo and in vitro experiments are certainly required to verify this thesis. Alternatively, and in concurrence with the above suggested role of FasL expression by the DM in normal pregnancy, FasL over-expression of macrophages could be considered a counter balance mechanism aiming to reduce the already triggered T-cell mediated apoptosis. Taking into consideration the plasticity with which macrophages act, it could be speculated that both the proposed mechanisms could be active, the one counter-acting the other.
Finally, in the present study it was shown that the apoptotic rate (and especially the trophoblast cell apoptotic rate) was significantly elevated in spontaneous miscarriages. The current finding is in accordance to previous reports in the field [10, 31] . Despite the possible role of DM and their FasL expression in regulating apoptosis in normal pregnancy and spontaneous miscarriages, there is always the fundamental question whether the increased apoptosis noted in spontaneous miscarriages is part of the mechanism leading to embryonic death or whether embryonic death is the one triggering apoptosis as a scavenger process against the remains of the trophoblast. In the present study, despite the fact that the evacuation of the abortive material was performed within 24 h from diagnosing the miscarriage, an answer to this crucial question cannot be given. Perhaps this could be achieved by diagnosing the SM the time it occurs and by performing the evacuation of the endometrial cavity immediately after embryonic death. Such approach would ensure that no further apoptosis could interfere with the results. Furthermore, in the current setting it could be implied that, apart from the fact that the exact moment in time the SM happened could not be possibly specified (making impossible to clarify whether apoptosis is the cause or the result of the SM), even this small delay (maximum 24 h) from SM diagnosis to evacuation could affect the extent of apoptosis found. Although this could be true, to the best of our knowledge there is no experimental setting able to overcome this problem as well. In our opinion, the ideal immediate SM diagnosis and thereafter the ideal immediate evacuation after such diagnosis, together consist an experimental approach rather difficult to perform. Firstly, this would demand a daily follow-up with transvaginal ultrasound up to a certain gestational age in the first trimester, a fact that very few pregnant women would tolerate. Moreover, an immediate evacuation after setting the diagnosis of SM is frequently not accepted by the patients, since it is always necessary to immediately overcome the psychological impact of the unpleasant news, and be further informed about the procedure and their future fertility. The potential problems of the operative schedule overload and of the suitability of the patient for immediate anesthesia (pre-operative assessment and the abstinence from meals some hours before anesthesia) further contribute to the delay between SM diagnosis and evacuation. In that view, an evacuation within the first 24 h after SM diagnosis is the best option offered to these patients.
In conclusion, in the present study it was shown that DM population is increased during spontaneous miscarriages. More importantly, it was demonstrated that decidual macrophages' FasL expression is up-regulated during spontaneous miscarriages. These findings support further the regulatory role of macrophages in early pregnancy physiology and pathophysiology. Due to the small sample size the current findings are considered with caution. Larger samples and properly designed in vitro and in vivo (animal models) experiments are needed to verify our results and further strengthen the role of DM in reproductive immunology.
